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SCIENCE
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ABSTRACT
In this paper, we present the first complete morphological map of the Salina offshore at a scale
of 1:100,000. The submarine flanks of the Salina edifice extend down to −650 to −1300 m, are
steep and characterized by an uneven morphology due to the presence of volcanic and erosive-
depositional features. The volcanic features cover ∼30% of the submarine portion and include
volcanic cones and bedrock outcrops. The remaining ∼70% is affected by a wide series of
erosive-depositional features. Among these, features related to Late Quaternary sea level
fluctuations comprise the insular shelf surrounding the island and overlying submarine
terraced depositional sequences. Mass-wasting features include landslide scars, channels, fan-
shaped deposits and waveforms. The presented map provides useful insights for a better
understanding of the morphological evolution of the edifice
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Salina Island is located in the center of theAeolianArc, at
the intersection between the arc-shaped structure of the
archipelago and the NNW–SSE elongated Salina–
Lipari–Vulcano volcanic belt (Figure 1 inset). This align-
ment is related to the occurrence of a main strike-slip
NNW–SSE regional fault, interpreted as the offshore
prolongation of the ‘Tindari–Letojanni’ fault, recog-
nized onland in northeastern Sicily (e.g. Ventura, 2013
and reference therein). The volcanological evolution of
Salina Island was recently summarized by Lucchi et al.
(2013), documenting subaerial volcanism between
∼244 and 15.6 ka through 6 Eruptive Epochs. A general
E–W migration of active vents, controlled primarily by
the dominant NNW–SSE and subordinate NE–SW
regional tectonic trends, was recognized, as well as a pro-
gressive chemical differentiation of the erupted products
from calc-alkaline basalts to rhyolites (Lucchi et al.,
2013). Previous studies of the submarine areas (Romag-
noli, Casalbore, Bortoluzzi et al., 2013) have shown that
the island, the highest (962 m) in the Aeolian Archipe-
lago, represents only the subaerial culmination (∼16%)
of a large volcanic complex that reaches −1300 m.
The aim of this paper is to provide the first bathy-
morphological map of Salina Island offshore at
1:100,000 scale through the analysis of an accurate
and high-resolution Digital Elevation Model (DEM).
The study allows us to better constrain the geological
processes that led to the present-day morphology of
the submarine volcanic edifice, and also provides useful
information on the main geohazard features related to
the recent evolution of the submarine flanks of Salina
volcano.
2. Data and methods
Multibeam bathymetric data on the submarine portions
of Salina Island have been acquired since 2001 by CNR-
IGAG,University of Rome (Sapienza) andUniversity of
Bologna mainly aboard the research vessels Urania and
Thetis (CNR), while smaller boats were used to survey
the near shore area. To obtain the optimal resolution
at each bathymetric range, different multibeam systems
operating at different frequencies (from 50 to 400 kHz)
were employed. All the collected data were DGPS-posi-
tioned and processed using Caris Hips&Sips 8.1.7. The
processing workflow encompassed corrections for the
effects of tide, patch test (roll, pitch, yaw and time
delay) and sound velocity variations in the water col-
umn (Bosman et al., 2015). Manual editing and auto-
mated filters were used to remove noise and spikes on
bathymetric data or soundings in order to obtain
high-resolution DEMs with cell-size variable from 1
m in shallow water ( < 100 m depth) to 25 m at over
−1300 m. A final DEM at 25 m grid cell-size was used
for the production of the bathymetric and morphologi-
cal maps presented (Figure 1 and Main Map); however
the interpretation of features was made on data at the
maximum possible resolution.
The slope map of the Salina offshore (see Main
Map) was computed from the DEM by considering
the direction of steepest descent or ascent at each
grid point. Graphs of median and inter-quartile range
of cumulative surface slope values according to Mitch-
ell, Masson, Watts, Gee, and Urgeles (2002) were also
produced (Figure 2) to analyze the average steepness
and slope variability versus depth in the different sec-
tors of the Salina offshore.
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3. Geomorphological map of Salina offshore
The base of the Salina edifice is located at depths ran-
ging between −650 and −1300 m, with the exception
for the SE sector where a saddle at about −300 m con-
nects Salina to Lipari (Lipari–Salina Basin, LSB in
Figure 1). To the W, a saddle at about −1370 m separ-
ates Salina from the Filicudi volcanic edifice (Salina–
Filicudi Basin, SFB in Figure 1). To the N and NE of
Salina, a small basin (North Salina Basin, NSB in Figure
1) is delimited by Secca del Capo (SC in Figure 1), a
submarine high characterized by the presence of two
cones with flat-top shapes, that rise to −250 m (the
western) and −27 m (the eastern). The submarine
flanks of Salina are steep, with slope values of 28° to
35° in the shallower sectors, decreasing to a few
degrees at the base of the edifice (Figure 2). Relatively
low slope values are also present in the first −100 to
−200 m (upper part of graphs in Figure 2), where the
occurrence of an insular shelf (IS) markedly interrupts
the morphological continuity between the subaerial
and submarine flanks (Figures 3 and 4).
At greater depths, two main different types of slope
patterns can be identified (Figure 2): the first type is
mostly found in the W and S part of the edifice (Sectors
1 and 2 in Figure 2) and is defined by a large variability
in slope values, similarly to that observed for construc-
tional volcanic flanks in nearby Lipari (Casalbore, Bos-
man, Romagnoli, Di Filippo, & Chiocci, 2014), Vulcano
(Romagnoli, Casalbore, Bosman, Braga, & Chiocci,
2013) and Stromboli islands (Casalbore, Romagnoli,
Chiocci, & Frezza, 2010). The second type is mostly
found in the E and NE part of the edifice (Sectors 3, 4
and 5 in Figure 2) and is defined by a narrower distri-
bution of slope values, decreasing linearly with depth
(the base of these flanks do not reach high depth,
Figure 1). This slope pattern is similar to that observed
over submarine flanks of Lipari, Vulcano and Stromboli
edifices that were ‘smoothed’ by the emplacement of
significant mass-wasting deposits (Casalbore et al.,
2010; Casalbore, Bosman, Romagnoli, Di Filippo et al.,
2014; Romagnoli, Casalbore, Bosman et al., 2013).
Finally, a very peculiar distribution characterizes Sector
6 (Figures 1 and 2), where slope values do not linearly
change with depth, thus reflecting the presence of steeper
segments alternating with two, more gently dipping
areas located at different depths, and corresponding to
the IS and the Lipari–Salina Basin, respectively.
A synthetic description of the main geomorphologi-
cal features of the Salina edifice (Figure 3 and Main
Map) is presented below.
3.1. Volcanic morphologies
A large number of volcanic features crop out offshore
Salina Island, mostly in the western sector, covering
about the 30% of the whole submarine edifice and
accounting for∼70 km2 (light-brown areas in Figure 3).
In detail, two main volcanic morphologies can be
identified: volcanic cones and bedrock outcrops
(Figure 3).
Volcanic cones are positive morphological features,
with sub-conical shapes. They are mainly found
between −180 and −1000 m in the western, northern
and southern sectors of the edifice where they often
Figure 1. Shaded relief map of Salina edifice (light direction from NE, isobaths every 100 m).
Notes: Black polygons show the sectors where slope graphs were computed (Figure 2). SMS: Santa Marina Salina, Ri: Rinella, Po:
Pollara, R-C: Rivi-Capo volcano, MFF: Monte Fossa delle Felci, MP: Monte Porri, LSB: Lipari–Salina Basin, SFB: Salina–Filicudi
Basin, SC: Secca del Capo.
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represent the summit of radial volcanic features (Figure
3). Volcanic cones have heights of 50–180 m with
respect to the surrounding seafloor and diameters of
650–1.5 km, covering areas of 0.1–1 km2 each one.
Cones show pointy-shaped tops, with an exception for
a flat-topped cone located in the Lipari–Salina Basin,
with its summit located around −180 m; the height/
width ratio of the cones ranges between 0.1 and 0.2.
Figure 3. Morphological map of Salina offshore, showing the main volcanic and erosive-depositional features; acronyms as in
Figure 1.
Figure 2. Slope graphs of the submarine flanks of Salina calculated according to Mitchell et al. (2002).
Notes: Slope values within each sector (see Figure 1 for location) were sorted according to depth intervals of 25 m, and a slope
cumulative distribution was calculated for each depth interval. Continuous line indicates the 50% percentile (median) of the dis-
tribution, while dash line is used for 25% and 75%.
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Bedrock outcrops are morphological highs with vari-
able shape; they are generally oriented in a radial direc-
tion with respect to the island summit and are often
marked by a degradedmorphology due to post-eruptive
and/or erosive-depositional processes. For this reason,
they are interpreted as erosional remnants carved in
the bedrock by marine erosive activity. Some of them
are located near to the coast, in morphologic continu-
ationwith subaerial structures. However, at depths shal-
lower than −200 m, their summit is cut by the
development of the IS. Other bedrock outcrops occur
as isolated morphological highs, sometimes with large
extensions, as in the W offshore of Salina (Figure 3).
3.2. Erosive-depositional features
The mapped erosive-depositional features can be
divided into two main types: (1) features related to
Late Quaternary sea level fluctuations, including IS
and overlying Submarine Depositional Terrace (SDT
in Figure 3); (2) features related to mass-wasting pro-
cesses, including landslide scars, channels and gullies,
depositional fans and waveforms.
The IS (Figures 3 and 4) can be considered an ero-
sional submerged surface extending from the coastline
to the lowest level of wave erosion during glacial stages
(Trenhaile, 2001). The insular shelf is well-developed
all around Salina Island, except for the eastern sector
of the edifice, where it is narrow and strongly incised
by a dense channel network (e.g. Figure 1). The shelf
shows a maximum width of 1.6–1.7 km in the NE
and NW sectors of the edifice and its outer edge is
located at depths ranging from −100 to −200 m. As
the shelf is produced or reworked by wave erosion
during the Last Glacial Maximum (and possibly pre-
vious sea level low stands), its presence indicates an
age older than 20,000 years for related volcanic units.
Moreover, because the shelf width in a volcanic island
setting tends to increase with exposure to wave action
through time, its size can be used as a proxy for the
relative age of a specific sector (Quartau et al., 2014
and reference therein).
The insular shelf is commonly overlaid by SDTs
(Figure 3), that is (commonly prograding), sedimen-
tary wedges from the coast to the shelf edge, trending
parallel to the shore. Their formation occurred during
the Last Glacial Maximum or during successive sea
level rise (e.g. Chiocci & Orlando, 1996; Chiocci &
Romagnoli, 2004; Quartau et al., 2012). In detail,
three main orders of overlying depositional terraces
were identified on the insular shelf of Salina, with
outer edges located at depth ranges of −10 to −20 m;
−40 to −60 m and −100 to −120 m.
Landslide scars with widths of 10/100s m are
observed at the outer edge of the insular shelf and over-
lying SDTs (Figure 3); in contrast, large-scale landslide
scars or deposits are scarcely observed along the flanks
of Salina. In a few cases, coaxial landslide scars are
observed at greater depths, thus suggesting the occur-
rence of mass-wasting processes with retrogressive
evolution.
Channelized features largely vary in size, from some
100s m long and narrow gullies in the upper part of
flanks up to some kilometers-long channels downslope
(Figures 3 and 4). Most of these channels develop at
the shelf edge or below it, acting as an erosional base
level for gravity flows coming from gullies in the upper
slope. In some cases, the emplacement of a channel net-
work results in a strong indent of the insular shelf; the
channel’s head extend up to water depths of 10s m, sev-
eral 100s m far from the coast. These features occur
mainly on the E flank of Salina, but they are also present
in the SW flank. In some cases, a morphological link
between subaerial creeks and submarine channels is evi-
dent, highlighting the key role likely played by
Figure 4. 3-D perspective view (vertical exaggeration 1.5×) of
the northern (a), eastern (b) and southern flank (c) of Salina,
where the main volcanic and erosive-depositional features
are indicated.
Notes: Dashed black line indicates the coastline. IS: insular
shelf; other acronyms as in Figure 1. Shallow-water gaps on
multibeam data were filled up to improve readability of the
images.
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hyperpycnal flows in the formation and development of
these submarine channels, as already reported in other
volcanic (e.g. Babonneau et al., 2013; Romagnoli, Casal-
bore, & Chiocci, 2012) and tectonically controlled conti-
nental margins (e.g. Casalbore, Chiocci, Scarascia
Mugnozza, Tommasi, & Sposato, 2011; Chiocci &Casal-
bore, 2011). The morphological evolution of these sub-
marine features should be carefully monitored, as they
might represent a future marine geohazard due to their
retrogressive evolution and proximity to the coastline.
Fan-shaped deposits are often recognized at the foot
of channelized features (particularly on the E flank of
Salina; Figure 4(b)), ranging in width from 100s m to
several kilometers. The development of the fans is
always related to a marked decrease in slope values at
the base of the submarine flanks, similar to that
observed at Stromboli, Vulcano and Lipari volcanoes
(Casalbore et al., 2010; Casalbore, Bosman, Romagnoli,
Di Filippo et al., 2014; Romagnoli et al., 2012). Their
smoothed morphology suggests that they are due to a
continuous feeding of eroded debris rather than to cat-
astrophic mass-wasting episodes (i.e. debris avalanche).
Seafloor waveforms are observed bothwithin the floor
of channelized features and on the fan-shaped features
developed in the northern and eastern flanks of Salina
(Figures 3 and 4). An example is shown in Figure 4(a),
where the waveforms affect the seafloor morphology of
a 1 km-wide channel located between −400 and −660
m, in correspondence with a slope decreasing to less
than 9°. These waveforms have a wavelength of 70–
150 m, a wave height of 3–7 m and a lateral extent of
80–160 m; they show arcuate shape in plan-view and
are downslope asymmetric in cross-section, with lee
side sloping up to 16° (see also Casalbore et al., 2013).
On the easternflankof Salina,waveforms arewidespread
both on the floor of channels and on underlying fan-
shaped deposits (Figure 4(b)); they have a wavelength
of 70–150 m, a wave height of 3–7 m, and a lateral extent
of 80–160 m. Similar to the previous example, wave-
forms show arcuate or crescentic shape in plan-view
and are downslope asymmetric in cross-section, with
lee side slopes up to 25°. Based on their morphologic
similarities with crescent-shaped bedforms observed
within active canyons and related fan-shaped deposits
(Casalbore, Bosman, Romagnoli, & Chiocci, 2014; Car-
tigny, Postma, Van den Berg, &Mastbergen, 2011; Con-
way, Barrie, Picard, & Bornhold, 2012; Paull et al., 2010),
these features can be interpreted as cyclic steps, that is, a
class of slowly upslope migrating turbiditic sediment
waves, where each downward step is bounded by a
hydraulic jump (Kostic, 2011 and reference therein).
4. Conclusions
The map presented in this work shows the main mor-
phological features characterizing the submarine por-
tions of Salina edifice. Data analysis helps to better
understand how the morphologic evolution was con-
trolled by the complex interplay between primary vol-
canic and erosive-depositional processes, the latter
ones also modulated by Late Quaternary sea level
fluctuations.
On the whole, a marked morphologic difference
between the western submarine part of Salina with
respect to the eastern part can be envisaged. The wes-
tern and southwestern flanks are morphologically
dominated by volcanic features, representing part of a
larger volcanic belt flanking the western side of the
Lipari–Vulcano–Salina volcanic alignment and con-
sidered to represent an earlier stage of volcanic devel-
opment in the Central Aeolian sector (Romagnoli,
Calanchi, Gabbianelli, Lanzafame, & Rossi, 1989). In
contrast, the northeastern and eastern flanks are domi-
nated by erosive-depositional features, such as chan-
nels, fan-shaped deposits and widespread crescent-
shaped waveforms. Large-scale instability processes
are not common, whereas minor landsliding processes
were mapped at the edge of the insular shelf and over-
lying deposits. This setting is similar to that observed at
other Aeolian volcanic islands (Romagnoli, Casalbore,
Bortoluzzi et al., 2013), with the exception of the
Stromboli edifice where large sector collapses and
related debris avalanches were recognized (Romagnoli,
Casalbore, Chiocci, & Bosman, 2009; Romagnoli,
Kokelaar, Casalbore, & Chiocci, 2009).
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